at the extracellular side of the membrane (Wallner et al.,
2؉
-activated K ؉ channels and, in some cases, even form tetramers (Papazian, (hSlo1), we screened hSlo1 domains for self-associa-1999; Sheng and Deutsch, 1998; Tu and Deutsch, 1999). tion using yeast two-hybrid assays. Putative ADs were For some K v channel monomers, a strong AD has been subjected to functional assays in Xenopus oocytes localized to a cytoplasmic N-terminal region immediand further characterized by coprecipitation, native ately preceding the first transmembrane domain ( 
, 1998). referred to as BK-T1, promotes the assembly of hSlo1
In contrast, for the large number of known K ir channel monomers into functional K Ca channels.
monomers, an AD has been localized to a different region of the protein. For these subunits, each of which Introduction contains only two transmembrane domains surrounding a central pore, an AD appears to be within a hydrophilic Many different types of K ϩ channels contribute to definregion immediately carboxyl to the pore region of each ing neuronal excitability under resting as well as active subunit (Koster et al., 1998; Tinker et al., 1996) . ADs conditions. These different K ϩ channel subtypes are all that determine the functionality of K Ca channel tetramers highly selective for K ϩ but differ in their voltage depenhave not been described. dence, kinetics, conductance, or sensitivity to intracelluTwo types of K Ca channels, large conductance (BK) lar modulators. Such functional differences allow K ϩ and small conductance (SK, . In neurons, Slo1 channels have been localized to (Coetzee et al., 1999) , and these are grouped into famicell bodies and nerve terminals (Knaus et al., 1996) and lies based on functional and structural similarities. The can functionally colocalize with Ca 2ϩ channels at prefour predominant families are: the voltage-gated (K v ), synaptic terminals. Hence, these two channel types can inward rectifier (K ir ), two-pore (2P), and calcium-actiact in concert to regulate action potential induced calvated (K Ca ) channels. All of these K ϩ channels share cium transients and, therefore, neurotransmitter release common structural features. They contain a highly con- (Robitaille et al., 1993 To identify BK channel association and tetramerizaDominant-Negative Functional Assays tion domains, we have utilized a number of independent Because yeast two-hybrid assays are prone to false posiexperimental approaches. These include yeast twotive as well as false negative data, independent functional hybrid assays of human BK channel (hSlo1) fragments; assays for ADs in hSlo1 channels were developed. Domifunctional screens using full-length BK channel connant-negative functional assays were designed to localize structs coexpressed with putative AD fragments; cochannel fragments capable of associating with full-length precipitation experiments; density gradient centrifugasubunits, producing nonfunctional channel tetramers in tion; and nondenaturing PAGE. All of these approaches which one or more channel fragments has taken the consistently identify a single protein domain, which place of a full-length subunit. The series of hSlo1 fragmeets the criteria for an AD. This novel sequence is ments coexpressed with hSlo1 in Xenopus oocytes is unrelated to any previously identified AD, is located near shown in Figure 2A and the currents obtained from these the pore between the core channel domain of hSlo1 and dominant-negative experiments in Figure 2B . These the C-terminal "modulatory" domain, and forms tetradata show that most of the channel fragments, such mers in vitro. We conclude that this domain, referred to as S0S1 and S0S6 ( Figure 2B ), produced either no or as BK-T1, promotes the association and tetramerization minimal inhibition of hSlo1 currents, indicating that of BK channel monomers and, hence, determines the these domains do not contain strong ADs. However, identity and functional properties of BK channels. three channel fragments, S0S8, S5S8, and S5S10, do significantly suppress hSlo1 current expression. These three fragments all contain the linker region between S6 Results and S8, which connects the ion channel "core" to the C-terminal modulatory domain. Hence, the results of Yeast Two-Hybrid Assays these dominant-negative assays point to the same reThe AD of multimeric proteins brings together individual gion identified by the yeast two-hybrid assay described subunits and stabilizes the resulting protein complex.
above. Also consistent with the yeast two-hybrid data To localize ADs in hSlo1 human large conductance Ca 2ϩ -is the finding that coexpression of the S0S1 fragment activated K ϩ channels, PCR-amplified channel fragcontaining the L0 domain does not suppress hSlo1 curments were examined for self-association properties usrents, again indicating that this part of the channel does ing a yeast two-hybrid assay. As shown in Figures 1A not contain a strong AD. and 1B, hSlo1 subunits contain numerous hydrophobic Further experiments were performed to determine regions (S0-S10) separated by hydrophilic linkers (L0-whether N-terminal or C-terminal domains play a subunit L10). The N-terminal third of the protein forms the ion association role in hSlo1. hSlo1 subunits in which all of channel "core" followed by a long C-terminal fragment the N terminus prior to S0 ( Figure 1B) Figures 1C and 1D) . In all of these assays, only a single pairwise association, L6 with L6, was found Because numerous nonspecific mechanisms can lead to a loss of channel expression, a second type of assay to be positive ( Figure 1C) . Interestingly, when a complete human brain cDNA library was screened in a yeast tworesulting in the appearance of functional hSlo1 channels in response to the deletion of putative ADs was develhybrid assay for proteins that can interact with L6, only hSlo1 sequences containing domain L6 were recovered oped. This assay involves the generation of dominantnegative constructs due to mutations of the hSlo1 chan-(data not shown). In contrast, when the same library was screened with a different hSlo1 fragment ( able to pass any current (Perozo et al., 1993). The sysTwo different forms of dominant-negative pore constructs were generated ( Figure 3A) , and both gave virtutematic deletion of putative ADs from the dominantnegative form of the channel will result in the reemerally identical results. The first was a construct in which a portion of the pore domain was deleted (⌬P-hSlo1) gence of functional hSlo1 currents when these constructs are coexpressed with wild-type hSlo1 subunits. Hence, and the second a construct in which the pore signature sequence was mutated from GYG to AAA. Expression the identification of sequences that function as suppressors of dominant-negative pore constructs serves to of either construct in oocytes resulted in no measurable hSlo1 currents (data not shown). More importantly, the further localize hSlo1 association domains. coinjection of these constructs with wild-type hSlo1 constructs deleted sequences located within L6, the hydrophilic domain just downstream of the pore. Intercaused the almost complete suppression of hSlo1 currents ( Figures 3B and 3D) , confirming that wild-type estingly, the deletion of the N-terminal half of L6 (⌬L6N) or the C-terminal half of L6 (⌬L6C) produced comparable hSlo1 and the nonconducting pore mutant constructs do interact to form tetramers. To test the specificity results to the complete L6 deletion. Increasing the ratio of mutant to wild-type hSlo1 cRNA injected had virtually of this interaction, the effect of coexpressing the pore mutants with another type of voltage gated K ϩ channel, no effect on the degree of gain of function. As was also observed in the dominant-negative assays, the deletion DRK1 (K v 2.1), was also examined. As shown in Figures  3C and 3D , the hSlo1 pore constructs do not act as of domain L9 (⌬L9C) or domain L10 (⌬L10) from the ⌬P hSlo1 subunit again caused a partial suppression of the dominant negatives for this related K ϩ channel. These dominant-negative pore constructs were used dominant-negative effect ( Figure 4C ). Hence, our data indicate that regions within L6 contain strong ADs, to identify ADs by screening for suppressors of the dominant-negative phenotype. The two pore mutant conwhereas regions more C-terminal to L6 also contribute to association but play a smaller role. To directly deterstructs ( Figures 3B and 3D) were further modified to delete fragments of the channel ( Figure 4A ). In this way, mine the importance of either the N-terminal half of L6 (L6N) or the C-terminal half of L6 (L6C) to the expression if one of the deletion constructs were to contain a strong AD, then the dominant-negative hSlo1 construct would of functional channels, two deletion constructs were generated (⌬L6N and ⌬L6C) and expressed in oocytes. no longer be able to associate with, and suppress the function of, the wild-type hSlo1 subunits. Hence, the As shown in Figure 3D , neither of these constructs gave rise to the expression of functional hSlo1 channels. deletion of a putative AD would result in the reappearance of functional hSlo1 channel tetramers due to the suppression of the dominant-negative effect. Three of Biochemical Characterization of L6 To confirm and further characterize the putative AD role the constructs generated ( Figure 4A ) resulted in a dominant-negative suppression (Figures 4B and 4C ). All three of L6, we performed in vitro pull-down assays. Two types positions and relative amounts of GST-fusion protein in each lane. The bands marked with an asterisk correspond to the expected molecular weights for these constructs. Lower molecular weight bands presumably repof hSlo1 fusion protein constructs were generated, containing one of two tags: either maltose binding protein resent proteolytic fusion protein fragments. To determine if regions within L6 are capable of inter-(MBP) or GST ( Figure 5A ). The GST fusion proteins attached to Sepharose beads were used to precipitate acting with L6, we generated three more GST fusion proteins, L6N (N-terminal), L6M (middle), and L6C (C-tersoluble MBP-hSlo1 fusion proteins. Figure 5B shows that both GST-L6 and GST-L6L7 are able to precipitate minal) ( Figure 5A ) to use in conjunction with MBP-L6 in in vitro pull-down assays. The results in Figure 5D show MBP-L6. Interestingly, the interaction of GST-L6L7 with MBP-L6 appears to be stronger than GST-L6 with MBPthat all three of these subregions within L6 can bind to Figure  5E shows the results of probing the same blot with an protein bands in the complete absence of detergents. However, in the presence of low concentrations of Zwitanti-GST antibody. The highest molecular weight bands observed in each of the four lanes correspond to the tergent 3-12 (4 mM), a protein band corresponding to a molecular weight of approximately 315 kDa can be expected molecular weights for the GST constructs generated. Hence, results from yeast two-hybrid and codetected ( Figure 7A ). This band is consistent with MBP-L6 forming a tetramer. In addition, a broad diffuse band precipitation assays are in agreement that domain L6 is capable of self-association. running in the approximate position of the monomer can also be detected, and a faint band running in the position Two independent methods, sucrose density gradients and nondenaturing PAGE, were utilized to resolve the of a dimer can also be seen. Antibodies to MBP confirm that both of these bands are MBP-L6 (data not shown). stoichiometry of this self-association. The sedimentation profile of MBP-L6 in a 15%-30% linear sucrose MBP alone, subjected to PAGE, produces a broad diffuse band that is consistent with a monomer (data not gradient is shown in Figure 6A (filled circles) and indicates that this hSlo1 fragment sediments predominantly shown). in fraction 9, corresponding to an apparent molecular mass of approximately 350 kDa ( Figure 6B ). This mass Discussion is close to the expected molecular weight of an MBP-L6 tetramer (340 kDa). In the presence of a detergent Here, we present compelling evidence that large conductance K Ca channels contain a strong association do-(2% SLS), MBP-L6 sediments predominantly in fraction 1. This corresponds to an apparent molecular mass of main and localize this domain as being just C-terminal to the channel pore. Using yeast two-hybrid assays less than 85 kDa ( Figure 6B ), consistent with MBP-L6 sedimenting as a monomer under these conditions. in conjunction with functional and biochemical approaches, we find that the domain L6 (Figure 1) is the To further examine the ability of this hSlo1 fragment . MSlo3 is also a potassium channel with significant sequence homology to mSlo1, the mouse in Slo1 channels. Although the sequence homology between the prokaryotic RCK domain and hSlo1 is less variant of hSlo1. However, the mSlo3 homomeric channel is sensitive to pH rather than calcium (Schreiber et than 20%, there is evidence that this region, surprisingly corresponding to the BK-T1 domain described here, is al., 1998). The finding that there is significant sequence homology within Slo1, Slo2, and Slo3 BK-T1 domains structurally related (Jiang et al., 2001 ). The RCK domain is an ␣/␤ protein, the core of which forms a Rossmann raises the possibility that these subunits may be able to fold in which a six-stranded parallel ␤ sheet is sandindicate that regions other than BK-T1 may also contribute to channel assembly. In the dominant-negative wiched between two sets of ␣ helices (Branden and Tooze, 1991; Keskin et al., 2000) . assay, regions larger than but including BK-T1 are found to maximally suppress channel expression. When S5S6 Analysis of protein packing indicates that pairs of RCK domains could interact with each other to form dimers is coexpressed with the wild-type subunit, a small, although statistically significant, dominant-negative effect as a result of protein-protein interactions (Jiang et al.,  2001 ). The sequence of events by which K ϩ channels is seen. Furthermore, in gain of function assays, the removal of L9 or L10 regions does result in a small gain form tetramers is not known. However, specific protein domains that associate to stabilize appropriate subunits of function. These other potential contributors to BK channel assembly may be similar to the IMA (intramemallow them to form a correctly assembled tetrameric complex ( Pull-Down Assay Protocol GST-hSlo1 fusion proteins (5 g) were incubated with 50 l of GSHagarose (50% slurry) in pull-down buffer (PBS, 1 mM EDTA, 2 mM Electrophysiology DTT, 1% Triton X-100, 10 mM Maltose). Fifty micrograms of MBPStage V-VI Xenopus laevis oocytes were harvested as previously L6 was added and pull-down buffer was added to bring the final described (Tseng-Crank et al., 1994) and agitated in Ca 2ϩ -free OR volume to 500 l. This slurry was incubated at room temperature buffer (86 mM NaCl, 1.5 mM KCl, 2 mM MgCl 2 , 10 mM HEPES, 50 with agitation for 5 hr. The beads were pelleted and then washed g/ml gentamycin [pH 7.6]) containing 0.75 mg/ml collagenase for with 1 ml of wash buffer (pull-down buffer ϩ 1 M NaCl) ten times. 60 min to remove follicle cells. Oocytes were washed extensively Protein complexes bound to the beads were eluted in Laemmli in Ca 2ϩ -free OR and stored in ND-92 buffer (92 mM NaCl, 1.5 mM KCl, buffer. A fraction of this was then separated on a 10% SDS polyacryl-1.2 mM CaCl 2 , 2 mM MgCl 2 , 10 mM HEPES, 50 g/ml gentamycin [pH amide gel and transferred to an Immobilon-P Polyvinylidene difluor-7.6]). Oocytes were injected with 40 nl of cRNA. Wild-type hSlo1 ide membrane (PVDF; Sigma). Western blotting was performed using cRNA was injected at a concentration between 3.75 and 15 ng/l, the ECL chemiluminescent system (Amersham). Blocking was carso that average current levels were approximately 1.5 A at 140 ried out in 10% Milk Powder in PBS plus 0.1% Tween-20 for 3 hr at mV (see below). Except where noted, molar ratios of 9:1 (mutant room temperature. The MBP antibody (New England Biolabs) was cRNA:wild-type cRNA) were used for dominant-negative assays and used at a dilution of 1:10,000. The GST antibody (gift from Dr. Shirish when using suppressors of dominant-negative constructs. MacroShanolikar, DUMC) was used at a 1:5000 dilution. Horseradish peroxiscopic currents were recorded 12 hr after RNA injection by two dase-linked secondary antibodies were from Jackson Immuno Reelectrode voltage clamp using an Axoclamp 2A amplifier (Axon Instrusearch Laboratories, Inc. Blots were exposed to film for 1 to 3 min. ments, Union City, CA). Data were acquired using the software pro- 
MBP-L6. Although it is difficult to quantify, it appears that all three of these subregions bind to MBP-L6 to a similar extent, as does GST-L6. In contrast, the linker to tetramerize, MBP-L6 was examined using nondenaturing PAGE analysis. It was not possible to resolve clear L4 (between S4 and S5) does not bind to MBP-L6.

Fusion Protein Expression
Nondenaturing PAGE hSlo1fusion protein vectors were transformed into BL-21(DE3)-Polyacrylamide gels (5% acrylamide, 4 mM Zwittergent 3-12) were pLysS E. coli and proteins expressed using standard protocols. For poured without stacking gels. Protein samples were mixed with GST fusion proteins, bacterial cultures were incubated at 37ЊC with (0.5 M Tris, 20% glycerol, 1.2% bromophenol blue, 0.5% Zwittergent agitation until growth was in log phase as measured by an OD 600 of 3-12), and separated at 100 mV. Protein standards were from Amer-0.5. Protein expression was initiated with 0.1 mM isopropyl-b-D-thiosham Pharmacia Biotech (HMV kit XY-077-00-03). galactopyranoside (IPTG) and the cultures incubated at 37ЊC with agitation for an additional hour. Cells were collected by centrifugation and resuspended in PBS (150 mM NaCl, 16 mM Na 2 HPO 4 , 4 Acknowledgments mM NaH 2 PO 4 ). Bacterial lysates were prepared by a freeze/thaw cycle, the addition of lysozyme (5 mg/ml), and sonication with a 5
We 
